In the background of electrothermal-chemical (ETC) emission, an investigation has been conducted on the characteristics of a freely expanding pulsed plasma jet in air. The evolutionary process of the plasma jet is experimentally investigated using a piezoelectric pressure sensor and a digital high-speed video system. The variation relation in the extended volume, axial displacement and radial displacement of the pulsed plasma jet in atmosphere with time under different discharge voltages and jet breaking pressures is obtained. Based on experiments, a two-dimensional axisymmetric unsteady model is established to analyze the characteristics of the two-phase interface and the variation of flow-field parameters resulting from a pulsed plasma jet into air at a pressure of 1.5-3.5 MPa under three nozzle diameters (3 mm, 4 mm and 5 mm, respectively). The images of the plasma jet reveal a changing shape process, from a quasiellipsoid to a conical head and an elongated cylindrical tail. The axial displacement of the jet is always larger than that along the radial direction. The extended volume reveals a single peak distribution with time. Compared to the experiment, the numerical simulation agrees well with the experimental data. The parameters of the jet field mutate at the nozzle exit with a decrease in the parameter pulse near the nozzle, and become more and more gradual and close to environmental parameters. Increasing the injection pressure and nozzle diameter can increase the parameters of the flow field such as the expansion volume of the pulsed plasma jet, the size of the Mach disk and the pressure. In addition, the turbulent mixing in the expansion process is also enhanced.
Introduction
One of the hot topics in the field of launching is electrothermal-chemical (ETC) launch technology with its flexible regulating characteristics and good adaptability. Compared with traditional artillery, ETC guns display advantages for improving muzzle velocity and muzzle kinetic energy by utilizing a pulsed power supply to combine electric energy with chemical energy, which can thus provide more power for projectiles [1] [2] [3] . One of the key technologies of the ETC launch is plasma ignition technology, of which the working medium is the plasma jet. Thus, many researchers have reported on experimental or theoretical treatments of ETC plasma jets.
The results of Kohel et al [4] on a freely expanding pulsed plasma jet originating from an electrothermal capillary source, show a highly underexpanded plasma jet that forms a distinct barrel shock structure, with a highly luminous Mach disk. The plasma temperature and electron density jump across the Mach disk [5] . The jet structure reaches an approximately quasi-steady state at 70 μs after the initiation of the plasma. In [6] , the plasma temperature, emissivity and velocity on the exit of the plasma generator and at various locations away from the plasma generator nozzle are examined, which reveals that the leading plasma front is turbulent and the temperature gradually decreases from the nozzle. During the expansion process of the jet, the velocity decays quickly [7] . The plasma contains the reactive electrons and ionic, atomic, molecular, and radical species that propagate outward and interact with the ambient medium during the plasma jet expansion process. Furthermore, the expansion characteristics of the plasma jet will change with the discharge parameters (including pulse repetition rate, rise time of pulse voltage, pulse width and so on) [8, 9] . A key parameter to effectively igniting a charge system with the minimum requirement of electrical energy is the pulse length, because plasma with a shorter pulse length (∼0.3 ms) has a shorter duration of flow interaction although it is more powerful [10, 11] . As the applied voltage increases, the length of the plasma jet first increases and then decreases, and the shape of its head becomes bulky from the elongated sword shape [12] . In addition, by increasing the discharge power, the vibrational temperature and rotational temperature of the plasma increase, whereas the electron excited temperature decreases [13] .
Nusca et al [14] [15] [16] and Sharikov and Surzhikov [17] studied the evolution of the structure of a pulsed plasma jet issuing from a capillary discharge channel into air by combining experiment and calculation. The temperature, pressure and velocity of the plasma jet fluctuate, and the latter peak is smaller than the former one in the axial speed curve [18, 19] . According to the experiment, a theoretical description for the pulsed plasma jet is established without consideration of the complex chemical reaction. With this model, it is easy to obtain parameters such as temperature and the pressure velocity of the flow field [20] [21] [22] . When considering the chemical reaction of plasma air, a computational fluid dynamics simulation with 26 species and 60 reactions of an expanding capillary plasma jet for ETC gun application can be found in [23] . It also shows the importance of the plasmaair interaction in actual ETC implementation [24] .
In this paper, an experiment is conducted to study the volume and displacement characteristics of an ETC plasma jet in atmosphere. Based on the experiment, a two-dimensional axisymmetry unsteady mathematic model of the interaction between the plasma jet and air has been proposed. The expansion processes of the plasma jet under the unsteady state condition are calculated. Moreover, discussions in this paper focus on the effects of the injection pressure and nozzle diameter on the interface of plasma air and the parameters' distribution in the jet flow field.
Experimental study

Experimental apparatus
The experimental apparatus was composed of a plasma generator and a pulsed power supply. The plasma generator (figure 1) was made up of a polythene capillary, a pair of electrodes, electric exploding wire, a metal sealed film on the cathode, a nozzle, an insulator and a metal shell outside the capillary and so on. The pressure transducer was located on the right side of the device to measure the pressure change of the capillary plasma. A 73 mm long, 4 mm diameter polyethylene capillary was adopted as an ablation capillary, and a thin aluminum foil was used as exploding wire. The capillary and exploding wire were connected with the pulsed power source through the electrodes. The anode was connected with the high-voltage output of the pulse power source and kept sealed. The cathode was connected to the earth by the body of the apparatus and sealed with a thin copper diaphragm before the experiment. The experimental apparatus was placed vertically to eliminate the influence of gravity on the structure of the plasma jet.
The pulsed power supply was composed of a pulse forming network (PFN) whose energy was stored by a module of a 46.5 μF capacitor fitted with a 35 μH inductor. The pulse drive was in the form of a single pulse with a pulse width of 0.1 ms, a rise time of 0.07 ms and a fall time of 0.06 ms (figure 2). High-temperature metal plasma was produced when the exploding wire was exploded electrically by the discharge current, and then the surface material of the polyethylene capillary was ablated to generate capillary plasma. Once the pressure of the plasma exceeded the seal diaphragm's broken pressure, the plasma can break the diaphragm and spray from the nozzle to form a plasma jet into the atmosphere. The outlet parameters of the plasma jet were adjusted by changing the discharge voltage and circuit parameters of the capacitor group.
The expansion process of the plasma jet in air was photographed by a high-speed digital camera. A piezoelectric pressure transducer was used to obtain the pressure of the plasma within the capillary. The expansion displacement of the plasma jet was measured using a ruler placed at the edge of the plasma generator.
Experimental results and analysis
In the experiment, a nozzle with a 5 mm inner diameter and a 14 mm outer diameter was used; the discharge voltage was 3000 V. The energy transfer efficiency of the pulsed power supply was around 40%, so the electric energy discharged within the capillary was approximately 84 J. The capillary internal pressure was measured and is shown in figure 3 . At the initial stage, the pressure increases sharply, and the plasma injects through the diaphragm from the nozzle when the pressure rises to the peak pressure of around 2.5 MPa, which is the seal diaphragm's rupture pressure. Then the pressure decreases gradually to atmospheric pressure. Figure 4 shows a series of snapshots for the typical processes of the plasma jet propagation in air. The extended volume was calculated using Photoshop software for processing and generating a symmetric three-dimensional image according to the shadow pictures (figure 5). As can be seen in figures 4 and 5, the plasma jet presents ellipsoidally gradually with an increasing volume at 0-1 ms and the jet volume reaches its maximum value at 1.67 ms. Later, the plasma jet gradually expands into a combination of a cone head and an elongated cylindrical tail. The expansion volume decreases gradually with the dissipation of energy. With the jet development, strong turbulent dissipation phenomena occur as the plasma jet interacts with the atmosphere, so the edge of the jet is broken after t=2.333 ms and the body of the jet begins to fracture at t=3.333 ms. The brightness of the plasma jet increases at t=0.333-1.667 ms, showing bright white with a halo. Thereafter, it gradually decreases with the disappearance of the halo, and the edge of the jet shows a metallic luster.
The axial and radial propagation displacements of the plasma jet could be directly measured in proportion through the scale length. The axial displacement of the plasma jet increases monotonously, while the radial displacement undergoes an increasing process and then a decreasing process with it reaching a peak at 1.333 ms (figure 6).
Numerical simulation
3.1. Calculation model 3.1.1. Physical model. According to the characteristics of the plasma jet in the atmosphere, the expansion process of the plasma jet was simplified to a two-dimensional axisymmetric unsteady process, and some hypotheses of the physical process were proposed as follows.
(1) The k-ε unsteady turbulence model was chosen to describe the turbulent mixing effect in the flow field. (2) The plasma jet was treated as ideal gas according to its properties. (1) Equation of continuity
where α 1 is the volume fraction of the air phase, α 2 is the volume fraction of the plasma phase,
and a s 2 is a source term, which equals zero due to non-consideration of the chemical reaction.
 v is the velocity vector and  F is the volume force vector, the value of which is 0 because the gravity is not considered. 
where s e is the turbulent Prandtl number of the turbulent dissipation rate; G b is the turbulent kinetic energy generated by the buoyancy force, the value of which is 0, since gravity is not considered, and e C , 1 e C 2 and e C 3 are constants, respectively.
3.1.3. Computational domain. Figure 7 shows the computational domain of the numerical simulation with an 800 mm length and a 150 mm radius, which was half of the flow field since the flow field was simplified to an axisymmetric structure. The computing grid number was about 150 000, which had been proved to have no influence on the result by a repeated calculation.
Numeric simulation results and analysis
A pressure inlet model was used as the inlet condition of the numeric simulation, of which the pressure and hydraulic diameter were obtained according to the experiment described above. The inlet temperature was 5000 K [25] . Figure 8 shows the sequential pictures of a two-phase interface during the expanding process of the plasma jet. As can be seen in figure 8 , at 0.393-0.753 ms, the head of the plasma jet is quickly broken, because the jet core where the velocity is larger than that elsewhere, can stretch and drag the edge of the jet and the static air. Strong turbulent mixing with the air is obvious due to the existence of a large difference of jet pressure and velocity between the two phases. The center of the jet is gradually broken because the intensity of turbulence is enhanced and the turbulent mixing region expands with the expansion of the jet after 2.193 ms. Figure 9 shows a comparison between the calculated value and the experimental value which can be obtained based on figure 8 . A good agreement of axial expansion displacement can be observed between the calculation and measurements and the maximum error is only about 7.26%.
The parameters of the flow field along the axis are analyzed at 0.753 ms, 1.833 ms and 2.913 ms, respectively. Figures 10 and 11 illustrate the pressure and temperature distribution on the axis of the plasma jet. As shown in figure 10 , the pressure near the nozzle exit rapidly falls to below the atmospheric pressure because the flow region enlarges abruptly when the plasma jet ejects from the nozzle. However, it suddenly rises again to some extent and there is a shock wave of which the upstream pressure is equivalent at each time. With the expansion of the jet, the pressure becomes gradually stable. In addition, it can be seen that the pressure gradually pulsates along the axis; the fluctuation intensity is strong near the nozzle and decreases along the axis. The upstream temperature of the shock wave reduces gradually along the axis but it has little change with time. The plasma temperature jumps across the shock wave and decays with fluctuations in the downstream region ( figure 11) .
The density of the plasma jet along the axis is shown in figure 12 . The density decreases rapidly along the axis when the plasma sprays into the air, and it is a nonmonotonic distribution over time and space. The density curve has a pulsed oscillation because there are strong turbulent mixing and air engulfment in the process of expansion of the plasma jet. There are many pulse peaks of the density since the head of the jet is seriously crushed. Figure 13 provides a description of the velocity distribution of the plasma jet along the axis. Unlike the other parameters, the velocity firstly rises rapidly, then decays sharply in the vicinity of the nozzle due to the existence of the shock wave, of which the upstream velocity is essentially constant. 
Influence of injection pressure
To analyze the influence of injection pressure on the expansion characteristics of the pulsed plasma jet, different injection pressures (p 0 =1.5 MPa and p 0 =3.5 MPa) were chosen to obtain different flow-field characteristics and these are compared with the above-mentioned results. The nozzle diameter and the inlet temperature of the plasma jet remain constant. Sequential pictures of the two-phase interface under the different injection pressures are shown in figure 14 . The extension form of the plasma jet is basically similar; it has a bifurcation of the body under all three pressure conditions. However, the volume of the bifurcation, and the radial and axial dimensions of the jet rise with the increase of the injection pressure because the higher the injection pressure, the greater the energy of the plasma jet. Meanwhile, the turbulent mixing is enhanced with a higher injection pressure, so the breakup of the jet body is also more intense. Figure 15 illustrates the results of the axial displacements under the three conditions. As seen in the figure, there is almost no difference at the initial period of the expansion process because the flow in the near-field has not been fully developed. With the development of the jet, the axial expansion displacement rises with an increase of the injection pressure. However, the increase of the injection pressure also intensifies the turbulent mixing and aggravates the crush of the front end of the jet, thus a small fluctuation phenomenon of the axial displacement under the pressure of 3.5 MPa occurs but the axial displacement is still larger than that under the condition of 2.5 MPa.
The contours of pressure in the flow field of the plasma jet are shown in figure 16 . The pressure develops forward in the form of pressure waves in which a high-pressure region and a low-pressure region appear alternately; the pressure reduces with cyclical fluctuations along the axis of the jet. The pulsatility of the pressure near the nozzle is relatively large and decreases along the axis. As can be seen in figures 16(a)-(c) , when the injection pressure increases, the pressure on the core of the jet and the area of the highpressure zone rise, while the area of the low-pressure zone decreases. The influence of the injection pressure weakens gradually however, and the further away from the nozzle, the smaller the influence. The pulsatility of the pressure has little change with a variation in the injection pressure.
The velocity contours in the flow field under the three injection pressures are shown in figure 17 . The velocity in the core area is relatively large and decreases along the axial and radial directions. Once the plasma jet passes through the Mach disk which exists in the front of the nozzle, the speed reduces suddenly and a tapered area with low speed appears in the downstream of the Mach disk. With a decrease in the injection pressure, the areas of the Mach disk and the lowvelocity zone reduce gradually. These areas are smaller under the pressure of 1.5 MPa while there is no Mach disk and lowspeed zone under the pressure of 1 MPa, as shown in figure 17(a) . This indicates that there is a critical injection pressure, and if the injection pressure exceeds this value, the Mach disk and low-speed zone will appear; otherwise they will disappear. Further, the velocity is negative in some regions, namely the recirculation region. Figure 18 shows the results of temperature in the flow field under the three conditions. Like the characteristic distribution of the velocity, the temperature in the core is larger than that in other areas and decreases along both the radial and axial directions, which shows a non-monotonic distribution with time and space. The axial temperature distribution shows an abrupt increase, which is clearly due to the presence of the Mach disk. Although the temperature just reaches a peak value in the downstream of the Mach disk, it declines further downstream and eventually tends to ambient temperature, which is probably due to reacceleration of the flow in the downstream of the shock wave. When the injection pressure increases from 1.5 MPa to 3.5 MPa, both the temperature of the plasma jet and the size of the high-temperature region in the downstream of the Mach disk increase and the axial pulsation of the temperature is also intensive. Furthermore, the further from the nozzle, the greater the influence of the injection pressure on the temperature.
Influence of nozzle diameter
In order to analyze the effect of the nozzle diameter on the characteristics of the plasma jet, D 0 =3 mm and D 0 =4 mm nozzle diameters were chosen to make a numerical simulation and are compared with former results. The injection pressure and the inlet temperature of the plasma jet are still kept constant.
The sequential pictures of the two-phase interface under the different nozzle diameters are shown in figure 19 . It is observed that when the nozzle diameter diminishes, the volume of the jet and displacements along the radial and axial directions decrease and the turbulent mixing with the air and the body crush of the jet weaken. Moreover, the size of the bifurcation gets smaller with a decrease in the nozzle diameter, as shown in figures 19(a)-(c) at 0.753 ms. There is almost no bifurcation phenomenon in the jet body when the nozzle diameter reduces to 3 mm. The axial displacements under different nozzle diameters were obtained from the images of the two-phase interface. As shown in figure 20 , at an earlier stage of the expansion process, the axial displacement has hardly any change although the nozzle diameter becomes larger. However, in the later period, the axial displacement rises with the increase of the nozzle diameter but its increment decreases.
The pressure contours in the flow field of the plasma jet under the different nozzle diameters are shown in figure 21 . The pressure changes including high and low-pressure zones are the same as are presented in the above results under different injection pressures. However, the pressure pulsatility increases and the fluctuation intensity and the attenuation of the pressure weaken with a rise in the nozzle diameter. Figure 22 reveals the velocity contours under these three conditions. There is no Mach disk at the 3 mm nozzle diameter but it appears at the 4 mm nozzle diameter, and the sizes of the Mach disk and the low-speed zone in the downstream of the Mach disk enlarge when the nozzle diameter increases to 5 mm. This indicates that there is a critical nozzle diameter which can determine whether the Mach disk and the low-speed zone appear in the flow field of the plasma jet. Figure 23 shows the temperature in the flow field under the different nozzle diameters. The temperature near the nozzle exit shows little difference, but is more and more different as the distance from the nozzle exit increases. This is because the influence of the nozzle diameter variation is proportional to the distance away from the nozzle. The temperature of the jet flow field, the size of the tapered hightemperature region and the temperature pulsatility along the axis gradually increase with the increase of the nozzle diameter.
Conclusion
From the results obtained, it can be concluded that the shape of the plasma jet with a variation in brightness from strong to weak during the expansion process, changes from an ellipsoid to a conical head and an elongated cylindrical tail. There is a strong turbulence mixing between the plasma and the air, so the main body of the jet is seriously broken and even fractured. The radial displacement obtained from the experiment increases firstly and then decreases, and the axial displacement increases over time. The simulated axial displacement is in good agreement with that obtained from the measurement. With a consumption of discharge energy and turbulent dissipation, their change rate decreases. The parameters of the jet flow field such as pressure and velocity have dramatic changes at the nozzle outlet, but have little variation at a distance from the nozzle, reaching environmental values at the later stage. When the injection pressure and the nozzle diameter increase, axial and radial displacements increase but the increase amplitudes decrease. The above description is also appropriate for the pressure, velocity, temperature and their pulsatility in the jet flow field, but the changes of the injection pressure and nozzle diameter have much greater influence on the temperature in the far field. It is found that there are critical values of pressure and nozzle diameter that determine whether the Mach disk will appear; this is because the decrease of both the injection pressure and the nozzle diameter can lead to a decline in the size of the Mach disk.
